People's republic of china Purpose: Transdermal drug delivery of local anesthetics using lipid nanoparticles could enhance lipophilic drugs permeation through the stratum corneum, improve drug diffusion to deeper skin, and exert good therapeutic effects. The purpose of this study was to engineer a Tocopheryl Polyethylene Glycol 1000 Succinate (TPGS)-modified cationic nanostructured lipid carriers (NLC) for the delivery of lidocaine (LID; TPGS/LID-NLC). Materials and methods: TPGS/LID-NLC was prepared by solvent diffusion method. The particle size, polydispersity index, zeta potential, drug entrapment efficiency, drug loading, stability, drug release, and cytotoxicity were tested to evaluate the basic characters of NLC. In vitro skin permeation and in vivo anesthesia effect in an animal model were further investigated to determine the therapeutic efficiency of the system. Results: TPGS/LID-NLC had a particle size of 167.6±4.3 nm, a zeta potential of +21.2±2.3 mV, an entrapment efficiency of 85.9%±3.1%, and a drug loading of 11.5%±0.9%. A sustained release pattern was achieved by TPGS/LID-NLC, with 81.2% of LID released at 72 hours. In vitro permeation study showed that the steady-state fluxes (J ss ), permeability coefficient (Kp), and cumulative drug permeation Q n at 72 hours (Q 72 ) of TPGS/LID-NLC were 15.6±1.8 µg/cm 2 /hour, 10.3±0.9 cm/hour (×10 −3 ), and 547.5±23.6 µg/cm 2 , respectively, which were significantly higher than the nonmodified NLC and free drug groups. In vivo anesthesia effect of TPGS/LID-NLC was the most remarkable and long acting among the formulations tested, which could be concluded by the most considerable maximum possible effect from 10 to 120 minutes during the whole research.
Introduction
Topical anesthesia is one of the most applied strategies to reduce anxiety and pain caused by needle insertion and injection of local anesthetics. [1] [2] [3] Transdermal drug delivery of local anesthetics brings further advantages like continuous drug delivery and fewer systemic adverse reactions. 4, 5 It is well known that local anesthetics applied to the skin permeate through intercellular pathway, namely through the lipid domains of the skin barrier (the stratum corneum). 6 Unfortunately, the stratum corneum limits
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Zhao et al the permeability of local anesthetics and is the main obstacle for their clinical application. 7 Most commercially available topical anesthetics consist of either lidocaine (LID) or prilocaine in lipid-soluble free base form, such as EMLA Cream (LID 2.5% and prilocaine 2.5%). 8 However, EMLA is currently underutilized because of its slow efficacy and wide variation in onset and efficacy. 9 Thus, it is urgent to design an alternative drug delivery system that can enhance both the retention time and the distribution of local anesthetics, finally achieving rapid, effective, and prolonged local transdermal anesthesia.
Lipid nanoparticles could enhance the lipophilic drugs permeation through the stratum corneum. 10, 11 It has been known that when the lipophilic drugs (such as LID and prilocaine) are encapsulated in lipid-based nanoparticles, their permeation through the skin is enhanced. 10 Local anesthetics incorporated into lipid-based nanoparticles have also been reported to result in better retention of LID in the skin layers and show greater effectiveness as well as reduction in side effects. 11 Thus, much attention has been paid to develop suitable lipid nanoparticles for topical administration. Nanostructured lipid carriers (NLC), the second generation of lipid nanoparticles, were emerged at the turn of the millennium and have evolved from solid lipid nanoparticles (SLN). 12, 13 Compared with SLN, NLC have merits such as higher drug loading (DL) and lower drug leakage during storage because of their compositions, which were composed of solid and liquid lipids.
14 As for topical administration, NLC have chemical similarity to skin lipids, being therefore more permeable, well tolerated, biodegradable, and nontoxic. 12 Topical applications of aqueous NLC dispersions are known to create an occlusive thin lipid film onto the skin tissue, which avoids water evaporation, and thus increases the skin's moisture and hydration, as well as enable controlled drug release. 15, 16 Cationic NLC can be beneficial in interacting with the negatively charged skin surface, thus improving drug diffusion to deeper skin and exerting therapeutic effects. [17] [18] [19] [20] In this study, a positively charged lipid, stearic acid (SA), was chosen to incorporate in the oil-lipid blend.
Tocopheryl Polyethylene Glycol 1000 Succinate (TPGS), a water-soluble derivative of natural vitamin E, has been approved by FDA as a pharmaceutical ingredient. 21 Recently, TPGS has been widely used in developing various drug delivery systems. TPGS is considered safe in skin studies. 22 In the studies of topical administration, TPGS was reported to enhance the solubility and percutaneous penetration of drugs such as estradiol, ibuprofen, and minoxidil, and to improve their therapeutic effects with minor systemic side effects. [23] [24] [25] [26] In the present study, TPGS-modified cationic NLC (TPGS-NLC) was engineered. LID was encapsulated into TPGS-NLC to get TPGS/LID-NLC. The obtained NLCs were characterized by determination of their particle size, zeta potential, drug encapsulation efficiency, and cytotoxicity, and then assessed for in vitro skin permeation and in vivo anesthesia effect.
Materials and methods Materials
Lidocaine, phosphatidic acid (PA) sodium salt from egg yolk lecithin (purity .98%), SA, polyoxyl 35 castor oil (CO), dimethyldioctadecylammonium bromide (DDAB), glycerin monostearate (GMS), hexadecyltrimethylammonium bromide, and MTT were purchased from Sigma Aldrich (St Louis, MO, USA). TPGS was obtained from Eastman Chemical Company (Kingsport, TN, USA). All other chemicals were of analytical grade or high-performance liquid chromatography (HPLC) grade and used without further purification.
Preparation of nlc
TPGS/LID-NLC ( Figure 1 ) was prepared by solvent diffusion method. 27 SA (100 mg) and GMS (100 mg) were dispersed in CO (2 mL) to from lipid dispersion. Lipid phase was prepared by dissolving PA (100 mg) and LID (100 mg) in 1 mL of dimethyl formamide and added to the lipid dispersion with heating at the temperature of 70°C-75°C. TPGS (100 mg) and DDAB (1%, w/v) were dispersed in Milli-Q water (10 mL) to form the aqueous phase. The aqueous phase was stirred at 800 rpm, the lipid phase was rapidly injected into it, and then continued to stir for 20 minutes. The resulting suspension was then dispersed with Milli-Q water and then dialyzed against for 24 hours to get TPGS/LID-NLC suspension. TPGS/LID-NLC suspension was filtered through a membrane with 0.45 µm pore size and stored at 2°C-8°C before use.
TPGS-NLC ( Figure 1 ) was prepared by the same method without adding LID.
LID-loaded NLC that does not contain TPGS (LID-NLC, Figure 1 ) was prepared by the same method without adding TPGS.
Free LID was prepared by dissolving LID (100 mg) in Milli-Q water (10 mL 
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Topical anesthesia therapy using lidocaine-loaded nanostructured lipid carriers Worcestershire, UK) to estimate the particle size, polydispersity index (PDI), and zeta potential. 28 The morphology of NLC was determined by transmission electron microscopy (JEM-1200; JEOL Ltd., Tokyo, Japan). A drop of NLC suspension was placed on the copper grid and equilibrated for 2 minutes. The liquid was wiped off with a filter paper, and the samples were stained with phosphotungstic acid (2%, w/v) for another 2.5 minutes before observed. Entrapment efficiency (EE) and DL of TPGS/LID-NLC and LID-NLC were estimated using ultrafiltration centrifugation method. Briefly, NLC suspension (1 mL) was dissolved with methanol and sonicated (20 minutes) to destroy the structure. Then, the solution was centrifuged at 12,000 rpm for 20 minutes. Content of LID was measured by using HPLC, performed on an Agilent 1100 series with a zorbax RP-select B column, and a G1315A Diode-array detector (Agilent Technologies, Santa Clara, CA, USA). 29 The EE and DL were calculated using the following equations: 30 1) 4°C±2°C, 2) room temperature (25°C±2°C), and 3) 45°C±2°C. An aliquot of NLC suspensions was filled into transparent vials and placed in the abovementioned three conditions for 1 month. At 1, 2, 3, and 4 weeks, the samples were taken out and assayed for the content of LID by the method described in this section.
in vitro drug release of nlc
In vitro drug release studies were performed to investigate the release behavior of LID from the NLC by dialysis method. 31 Briefly, TPGS/LID-NLC (1 mL) and LID-NLC (1 mL) were sealed into a semipermeable dialysis membrane (molecular weight cutoff of 50 kDa). The dialysis bags were immersed in the PBS (pH 7.4), and incubated at 37°C with continuous stirring. Determined amount of samples (0.5 mL) were collected from the dissolution media at predetermined time intervals (0.5, 1, 2, 4, 8, 16, 24, 48, and 72 hours), and the same amount of fresh buffer solution (0.5 mL) was added. The samples were analyzed for the release amount of LID by the method described in Characterization of NLC section. 
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in vitro cytotoxicity of nlc
In vitro cytotoxicity of the NLC was evaluated using BALB/c-3T3 cells by MTT assay. 32 Samples of TPGS/LID-NLC, TPGS-NLC, LID-NLC, and free LID were prepared with the concentrations ranging from 0.1 to 10 mg/mL. BALB/c-3T3 cells ( 1×10 5 ) were seeded into 96-well plates and incubated for 48 hours. Different concentrations of samples were added to each well and incubated for 24 hours. Cells were then detected by incubation in the presence of MTT solution (25 µL, 5 mg/mL) for 2 hours at 37°C. The amount of MTT converted to formazan was measured to determine the percentage of viable cells, using a microplate reader (Bio-Rad, Hercules, CA, USA) at a wavelength of 630 nm.
animals
Animal study protocol was approved by the Ethics Committee of Jining Medical University and followed the National Institutes of Health guide for the care and use of Laboratory animals (NIH publications no. 8023). Female SpragueDawley rats (9-11 weeks, 220-240 g) were purchased from Shandong University Laboratory Animal Center and were kept under standard laboratory conditions (temperature, 25°C±2°C; relative humidity, 55%±5%; 12/12 hour light/ dark cycle).
In vitro permeation efficiency of NLC
Sprague-Dawley rats were anesthetized and excised the abdominal full-thickness skin. 33 The hair, muscle, fat, and vasculature on the skin were removed. After washing and equilibrating with PBS buffer, the stripped skin was tied on static vertical Franz Diffusion cells (PermeGear Inc., Bethlehem, PA, USA) with a donor area of 0.64 cm 2 and a receptor volume of 5.1 mL. 34 The receptor compartment was filled with PBS (pH 7.4), which was maintained at 37°C±0.5°C and constantly stirred at 400 rpm. TPGS/LID-NLC, LID-NLC, Xylocaine ® (LID HCl) 2% Jelly (Xylocaine Jelly), and free LID (0.5 mL) were added to the dorsal side of the mice skin. Samples (0.3 mL) were collected from the receptor compartment at predetermined time points (0. 
in vivo anesthesia effect of nlc
The tail-flick (TF) test is the most frequently used method to measure pain levels and assess the effects of anesthesia. 36 Rats were placed in a plastic box and the ventral surface of the distal 5-6 cm of the tail was placed over a 0.5-cm hole in an aluminum box, and an infrared radiant (IR) bulb was placed beneath the hole. TPGS/LID-NLC, LID-NLC, Xylocaine Jelly, free LID (containing 2 mg of LID each), and 0.9% saline solution (as control) were applied onto the dorsal surface of the tail. The tail was exposed to the IR bulb at a distance of 5 mm in each trial, and a 10-second cutoff was used to minimize the risk of tissue damage (cutoff latency). Baseline latencies were typically ranged from 2.5 to 3.0 seconds. In vivo anesthesia effect could be evaluated using the maximum possible effect (MPE) calculated by TF latency and represented by the following equation: 
Results

characterization of nlc
The image of the LID-NLC revealed spherical shape nanoparticles without hierarchy (Figure 1 ). The images of TPGS/ LID-NLC and TPGS-NLC had obvious outer layers on the surface of particles. The sizes of TPGS/LID-NLC, TPGS-NLC, and LID-NLC were smaller than 200 nm according to the 0.2 µm bars in the images. The mean particle size, PDI, and zeta potential are listed in Table 1 . The sizes of TPGS/ LID-NLC, TPGS-NLC, and LID-NLC were 167.6±4.3, 163.9±3.8, and 148.8±2.9 nm, respectively. The PDI of all the NLCs ranged from 0.121 to 0.156. EE is calculated as the percentage ratio between weight of drug loaded into NLC and the drug added during preparation. The EEs of the TPGS/LID-NLC and LID-NLC were 85.9%±3.1% and 87.1%±2.6%, respectively. DL is defined as the amount of drug in comparison with the lipid materials used for the NLC preparation. The DL of TPGS/LID-NLC was lower than that of LID-NLC, which may be explained by the addition of TPGS that increased the amount of the ingredients. Both TPGS/LID-NLC ( Figure 2A ) and LID-NLC ( Figure 2B) showed high stability at 4°C with the percentage of LID remaining .80% at 4 weeks, whereas the remaining LID was lower at the end of 1 month at 25°C and at 45°C (P,0.05). The results revealed that the NLC should be kept at low temperature until use and could be stable within 1 month.
in vitro drug release
As showed in Figure 3 , LID release rates from TPGS/LID-NLC and LID-NLC are different. At 24 hours, LID-NLC have already completed .80% of drug release, while the cumulative release parameter for TPGS/LID-NLC was only 61.3%. TPGS/LID-NLC reached 81.2% of LID release at 72 hours. This may be the evidence for the existence of polyethylene glycol (PEG) molecule in TPGS introduced in a more sustained release to the system.
in vitro cytotoxicity
In vitro cytotoxicity of NLC was tested by evaluating BALB/c-3T3 cells viability (Figure 4) . At the concentrations used, exposure of cells to drug free TPGS-NLC had no obvious changes of viability. LID-loaded TPGS/LID-NLC and LID-NLC showed a moderate effect on cellular viability, with values slowly decreasing from 90% to 80%. Decreases in viability of free LID-treated group were found at high concentrations (1, 5, and 10 mg/mL), and reduced to 59% at the concentration of 10 mg/mL.
In vitro permeation efficiency
In vitro permeation study of LID from NLC was carried out by using Franz diffusion cells with the skin of rats. The accumulative penetration amount (Q n ) of LID from TPGS/ LID-NLC, LID-NLC, Xylocaine Jelly, and free LID is shown in Figure 5 . The steady-state fluxes (J ss ), permeability coefficient (Kp) and Q n at 24 (Q 24 ), 48 (Q 48 ), and 72 hours (Q 72 ) are summarized in 
in vivo anesthesia effect
TF test was conducted to analyze the local anesthesia in the tail of the rat (Figure 6 ). The results suggest that all formulations showed fast anesthesia effect at 10 minutes of the study. However, NLC formulas exhibit higher efficiency than free LID with higher MPE (P,0.05). On the other hand, the conventional marketed jelly formulation had a fast onset of action and the skin was totally anesthetized. Local anesthesia ability of NLCs lasted longer than Xylocaine 
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Jelly and free LID (P,0.05). TPGS/LID-NLC showed the most remarkable and long-acting anesthesia ability among the three formulations, which could be concluded by the most considerable MPE from 10 to 120 minutes during the whole research.
Discussion
In the present study, TPGS-modified cationic NLC (TPGS-NLC) was designed and applied for the topical anesthesia.
TPGS is formed by esterification of vitamin E succinate with PEG 1000 . TPGS has served as a permeation enhancer. 37 The particle size results indicate that the use of TPGs did increase the size of the NLC: TPGS/LID-NLC (167.6 nm) leads to a significant increase in the size in comparison to LID-NLC (148.8 nm). 38 PDI values provide an indication of the degree of homogeneity in a system, with values in the range 0.1-0.2 reflecting a monodisperse nanoparticle distribution. 39 The PDI values for the NLC formulations 
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Topical anesthesia therapy using lidocaine-loaded nanostructured lipid carriers were in the range 0.121-0.156. Zeta potential values provide valuable information about the stability of a colloidal system, and can be influenced by factors including the electrical conductivity and the nature of the reagents.
The positive value of Zeta potential of NLC can be attributed to the presence of DDAB used in the formula, which is a double-tailed cationic lipid. 40 Drug encapsulation efficiency is calculated as the percentage ratio between the amount of drug loaded in NLC and the amount of the total drug added during fabrication. EE of TPGS/LID-NLC and LID-NLC was found to be 85.9% and 87.1%, which indicates the NLCs were highly effective carriers for the encapsulation of LID.
Stability of NLCs was determined at 4°C, 25°C, and 45°C. Both TPGS/LID-NLC and LID-NLC showed a high stability at 4°C within 1 month. However, at the two higher temperatures, the remaining LID was higher in TPGS/LID-NLC than in LID-NLC. This phenomenon may be explained by the PEG chains of TPGS which could stretch in the outer layer of the carriers, and thus could prevent the aggregation between the particles, affecting the packing and storage conditions of formulations. 41 NLC systems have significantly prolonged the release of LID. A drug is usually released from an appropriate drug delivery system and its therapeutic activity is exerted after its entrance into the target site. 42 The sustained release of LID from NLC might be due to the diffusion of LID from NLC and the degradation or hydrolysis of NLC. 43 The LID release rate from TPGS/LID-NLC was more sustained than LID-NLC. This could be the evidence that the modification of TPGS provides a more sustained drug release to the NLC 
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Zhao et al system, which may help with the long-lasting anesthesia effect. In vitro cytotoxicity of NLC was carried out on BALB/c-3T3 cells. The cell viability of NLCs over the studied concentration range was between 80% and 100%, compared with the control. TPGS/LID-NLC showed no higher cytotoxicity than LID-NLC at all concentrations. On the contrary, free LID-treated group found at high concentrations exhibited obvious cytotoxicity.
The permeation enhancing ability of NLC for topical delivery could be explained by the nanocarrier properties. 44 Small sizes of NLCs maintain close contact with the stratum corneum, thus increasing the amount of encapsulated drugs into the skin. The phospholipid molecules are reported to get incorporated in the skin layers, fluidize, and loosen the lipidic matrix of the skin, thus promoting the drug permeation. 45 So in this study, the kinds of lipid used in the formulation can help in improving the skin permeation of the LID. The permeation study of LID from NLC was carried out by using Franz diffusion cells with the skin of rats. LID-NLC significantly increased the J ss of LID from the free LID. Taking into consideration the highest J ss , Kp, and Q n of TPGS/LID-NLC, it may be the most suitable system for the drug permeation, whose efficiency needs to be further determined by the in vivo studies.
To evaluate the effects of anesthesia in vivo, TF test is most frequently used. 46 Other in vivo infringement stimulation involves pinprick, forceps pinch, and so on, but these types of methods may damage the skin of the animal and possibly lead to an increasing difficulty in evaluating the effect of the anesthesia. 47 The saline group showed no obvious change of MPE during the experiment. The conventional marketed jelly formulation had a fast onset of action and the skin was totally anesthetized. This indicated that the ionized form of LID penetrated much more rapidly than the free base but was rapidly absorbed and cleared off by the cutaneous capillaries. 11 NLC formulas exhibited higher and longer anesthesia efficiency than free LID with higher MPE until 120 minutes of the study. TPGS/LID-NLC showed the most remarkable and long-acting anesthesia ability among the three formulations, which demonstrated that TPGS modification promoted the skin delivery of the loaded drug and achieved the longest duration of TF test; also the long-lasting effect may due to the TPGS on the NLC surface would release the drug slowly thereby acting for a longer period of time.
Conclusion
TPGS/LID-NLC was fabricated and applied for the topical anesthesia using LID as the payload. In vitro and in vivo permeation efficiency and anesthetic effect of TPGS/LID-NLC were better than nonmodified LID-NLC and free LID. These could be the evidence that TPGS-modified NLC could function as a promising drug delivery system for prolonged and prominent local anesthetic effect with low toxicity. 
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